Fatigue is prevalent and distressing among cancer survivors, but its subjective nature makes it difficult to identify. Fatigability, defined as task-specific fatigue, and endurance performance may be useful supplemental measures of functional status in cancer survivors. METHODS: Fatigability, endurance performance, and cancer history were assessed every 2 years in Baltimore Longitudinal Study of Aging participants between 2007 and 2015. Fatigability was defined according to the Borg rating of perceived exertion scale after a 5-minute, slow treadmill walk; and endurance performance was calculated according to the ability and time to complete a fast-paced, 400-meter walk. The association between cancer history, fatigability, and endurance performance was evaluated using longitudinal analyses adjusted for age, sex, body mass index, and comorbidities. RESULTS: Of 1665 participants, 334 (20%) reported a history of cancer. A combination of older age (>65 years) and a history of cancer was associated with 3.8 and 8.6 greater odds of high perceived fatigability and poor endurance, respectively (P < .01). Older adults with and without a history of cancer walked 42 and 23 seconds slower than younger adults without a history of cancer, respectively (P < .01). The median times to the development of high fatigability and poor endurance were shorter among those who had a history of cancer compared with those who had no history of cancer (P < .01). CONCLUSIONS: The current findings suggest that a history of cancer is associated with fatigability and poor endurance and that this effect is significantly greater in older adults. Evaluating the effects of cancer and age on fatigability may illuminate potential pathways and targets for future interventions.
INTRODUCTION
Fatigue is a prevalent and distressing symptom among cancer survivors that often persists years after treatment completion. [1] [2] [3] [4] [5] Defined as a lack of physical and/or mental energy that is subjectively perceived by the patient or caregiver as interfering with normal or desired activities, fatigue is negatively associated with quality of life, physical functioning, psychological status, and emotional well-being. 6, 7 Although as many as three-quarters of patients with cancer (undergoing active treatment) and cancer survivors (posttreatment) report fatigue, the experience of fatigue is difficult to define and quantify because of its subjective nature and situational dependence. [6] [7] [8] [9] Existing measures of fatigue used in cancer populations do not adequately reference symptoms to a certain level of physical effort, specific activities, or situational demands. 8, 9 Thus, fatigue may be underreported in cancer survivors, especially among those with low physical activity levels. Improved approaches to identify, quantify, and monitor issues related to fatigue in patients with cancer and survivors may increase our understanding of the nature and impact of fatigue and how best to manage it.
The construct of fatigability, a relatively new and emerging concept, assesses fatigue in relation to specified activities or situations and thus may provide an important and discriminating supplement to typical health and functional status evaluations in patients with cancer and survivors. 6, 10, 11 Fatigability is well-validated in the gerontology literature and is commonly assessed using perceived effort and performance-based measures involving standardized walking tasks.
reports of tiredness and low energy levels. 8 There is currently a dearth of knowledge regarding the presence and impact of fatigability in older adults with a history of cancer diagnosis.
Routine assessment of fatigability in patients with cancer and cancer survivors may lead to a more complete and accurate picture of the psychological and physical effects of fatigue in this population and its threats to future function and quality of life. Given the increasing age and survivorship of the cancer population, a better understanding of the assessment, management, and treatment of cancer-related fatigue is imperative for improving quality of life and extending functional longevity among cancer survivors.
The current study examines baseline and longitudinal differences in perceived fatigability (the Borg rating of perceived exertion [RPE] after a 5-minute slow treadmill walk) and endurance walk performance in which failure to complete or slow performance can be interpreted as indicative of performance fatigability (ability and time to complete a fast 400-meter walk) 11 by cancer history in participants from the Baltimore Longitudinal Study of Aging (BLSA), a well functioning cohort of middle-aged and older adults. We hypothesized that, after adjusting for meaningful confounders, those with a history of cancer would have higher perceived and performance fatigability at baseline and would experience a steeper increase in fatigability over subsequent follow-up.
MATERIALS AND METHODS

Study Population
The BLSA is a study of normative human aging that was established in 1958 and conducted by the National Institute on Aging Intramural Research Program. A general description of the sample and enrollment criteria has been previously reported.
14 Briefly, the BLSA is a continuously enrolled cohort with some targeted recruitment (women, racial minorities) over its history. All participants are community-dwelling volunteers who pass a comprehensive health and functional screening evaluation and are free of all major chronic conditions and cognitive and functional impairments at the time of enrollment. Adults with a history of cancer may enroll provided they have been cancer-free for at least 10 years. However, once enrolled, participants are followed for life, regardless of disease development, and undergo extensive testing every 1 to 4 years, depending on age.
Among 1745 BLSA participants who underwent a comprehensive physical examination, health history assessment, and fatigability testing during their clinic visits between August 2007 and December 2015, 334 individuals reported a history of cancer and 1331 were cancerfree ( Fig. 1 ). There were 80 patients who had unknown cancer status at baseline and were excluded from the analysis. The participants' first clinic visit at which fatigability was assessed was termed the index visit for the purpose of this analysis. Participants with a history of cancer diagnosis either 1) enrolled 10 years after completion of treatment or 2) developed cancer during their time under study. Approximately 55% of BLSA participants are aged >65 years, and 20% of BLSA participants report a history of cancer, defined as ever having received a cancer diagnosis (excluding nonmelanoma skin and childhood cancers) and confirmed using International Classification of Diseases (9th edition) codes. The majority of individuals with a history of cancer were older than 65 years (79%). Trained and certified technicians administered all assessments according to standardized protocols. The Internal Review Board of the National Institute for Environmental Health Sciences approved the study protocol, and participants provided written informed consent at each visit.
Fatigability Assessment
Perceived fatigability
Perceived fatigability was assessed immediately after a slowpaced, 5-minute treadmill walk (1.5 miles per hour [0.67 miles per second] at 0% grade) by asking participants to rate their perceived exertion using the Borg RPE (range, 6-20; 6 indicates, no exertion at all; 9, very light exertion; 11, light exertion; 13, somewhat hard exertion; and 20, maximal exertion). The Borg RPE has previously been validated for the assessment of perceived fatigability in 605 community-dwelling adults within the BLSA. 7, 11 In the current analyses, perceived fatigability was treated as a continuous variable (range, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] as well as a binary outcome, with high perceived fatigability defined as an RPE 10, a threshold that has been associated with decreased functional performance in previous validation work. 11 
Endurance walk performance
Endurance walk performance was evaluated as the ability and time to complete a fast 400-meter walk, over a 20-meter course in an uncarpeted corridor. Participants were instructed to walk "as quickly as possible at a pace that can be maintained" for 400 meters. 15, 16 Standard encouragement was provided with each lap, and individual lap times and total time to complete were recorded. Analyses examined endurance walk performance assessed as the time in seconds to walk 400 meters, with poor endurance walk performance as a binary outcome defined as either: 1) inability to complete the 400-meter walk or 2) taking more than 5 minutes to complete 400 meters. Previous work in the Health, Aging and Body Composition Study has determined that walk times longer than 5 minutes are indicative of substandard execution and thus can be considered evidence of performance deterioration. 17 In addition, 80% of the study population at baseline could walk faster than 5 minutes at their index visit. 18 
Covariates
Covariates included age, sex, race, body mass index (BMI), smoking status, education, and comorbidities. Height and weight were assessed in light clothing using a stadiometer and calibrated scale, respectively, and BMI was calculated as mass in kilograms divided by height in meters squared. Age, education, and history of chronic conditions were derived from a health history interview conducted by a nurse practitioner. Age was dichotomized at 65 years to increase clinical interpretability. BMI was treated as a continuous variable, and sex, race, and smoking status were treated as categorical variables. Given the racial distribution of the BLSA cohort (70% white, 25% black, 5% other), race was dichotomized as white versus nonwhite race. Comorbidities included the presence of cardiovascular disease, pulmonary disease, liver disease, kidney disease, hypertension, diabetes, and depression. The total number of comorbidities was calculated for each individual and analyzed as a continuous variable.
Statistical Methods
Descriptive statistics were calculated as of the participant's first clinic visit at which fatigability was assessed (the index visit). Differences in demographic characteristics and comorbidities were evaluated using Fisher exact and chisquare tests for categorical variables and the Student t test for continuous variables. Group differences in comorbidities were assessed using similar methods.
The association between fatigability and history of cancer was evaluated using longitudinal and time-to-event analyses. For the longitudinal analyses, the effect of cancer history on perceived fatigability and poor endurance walk performance was evaluated using generalized estimating equations with exchangeable correlations structures adjusted for age, BMI, sex, comorbidities, and race. The time origin (the index visit and the time since that visit in years) was the time variable. Two-by-2 contingency matrices were constructed to examine the independent and combined effects of aging and cancer on perceived fatigability, with the lowest risk group (those who were cancer-free and aged 65 years) used as the reference group and adjusting for sex, BMI, and the number of comorbidities.
Model fit statistics were compared to select the best model. Tests for interactions between age and cancer diagnoses were assessed. To understand differences in the time to high fatigability by cancer status, Kaplan-Meier survival plots for the time to high perceived fatigability (RPE >10) and poor endurance walk performance (400-meter walk time >5 minutes or failure) were created using the same time origin and metric used in the longitudinal analyses. Cox-regression analyses adjusted for sex, BMI, and the number of comorbidities were fit to calculate the hazard ratios associated with high perceived fatigability and poor endurance.
Subgroup analyses were conducted among participants who had been diagnosed with colorectal, breast, prostate, or lung cancers, because these represent the 4 most prevalent cancers among North Americans and are more homogeneous in treatments and long-term effects than less common cancers, such as leukemia. A sensitivity analysis was done using the same models as described above, but excluding participants diagnosed with cancer after the index visit. If the exclusion of incident cases did not alter the overall findings, it was decided to keep these cases in the analysis sample. All statistical analyses were performed using Stata version 14 (Stata Corporation, College Station, TX).
RESULTS
Study Population
In total, 1665 participants were included in the analysis; of these, 334 had a reported history of cancer, including 248 who had had a history of cancer at the time of their first fatigability visit, and an additional 86 developed cancer after the index visit (Fig. 1) . The mean number of visits per participant was 4 (range, 1-11 visits), and 1166 participants (70%) had more than 1 fatigability assessment. The mean follow-up was 4.1 years (range, 0-10.7 years). The distribution of cancer types in this population is outlined in Figure 1 . Among the participants who had a history of cancer, 213 were diagnosed with either breast (25%), lung (5%), prostate (61%), or colorectal (11%) cancer, and 44 were diagnosed with more than 1 primary cancer (excluding skin cancers). Demographic and medical characteristics of individuals with and without a history of cancer are presented in Table 1 . Those with a history of cancer were more likely to be men, to be aged >65 years, and to have a history of smoking. The most common comorbidities included hypertension and cardiovascular disease. There were no differences between individuals with a history of cancer at the index visit (n 5 248) and those who developed cancer after the index visit (n 5 86). In individuals who had a history of cancer, the median age at cancer diagnosis was 66 years (interquartile range, 58-75 years), and the median time since diagnosis was 8 years. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Longitudinal Analyses
In the overall study population, fatigability increased over time. At the index visit, the mean 6 standard deviation (SD) Borg RPE was 8.5 6 2.36, and 20% of participants (n 5 115) reported high fatigability (Borg RPE >10). At the most recent visit, 287 adults (27%) reported high perceived fatigability after the standardized treadmill test with a Borg RPE >10 and a mean 6 SD RPE of 8.7 6 2.4. When assessing endurance walk performance at baseline, the mean 6 SD 400-meter walk time was 246 6 51 seconds, which increased to 265 6 48 seconds as of the most recent visit (t test; P < .0001). The percentage of individuals who took longer than 5 minutes to complete the 400-meter walk or were unable to complete the walk increased from 17% to 32% (chi-square test; P < .0001). Participants who had a history of cancer were more likely to report high perceived fatigability (35% vs 25%; P 5 .005) and to take longer than 5 minutes or be unable to complete the 400-meter walk (29% vs 14%; P < .001) compared with those who had no history of cancer as of their most recent visit.
After adjusting for sex, BMI, and comorbidities in the longitudinal model, a history of cancer diagnosis was associated with a 1.6 increased odds of high perceived fatigability (95% confidence interval [CI], 1.04-2.36; P 5 .03), and age >65 years was associated with a 5.7 increased odds (95% CI, 3.7-8.6; P < .001). A history of cancer diagnosis was associated with a 400-meter walk time that was 14 seconds slower on average (95% CI, 7.9-20.0 seconds slower; P < .001) than the time among those without a history of cancer, and older age (>65 years) was associated with a 36-second increase in walking time for
Original Article the 400-meter walk (95% CI, 31.2-41.1 seconds slower; P < .001) compared with younger adults (65 years).
When evaluating the combined effects of cancer history and age, the increase in perceived fatigability over time was greater in cancer survivors aged >65 years for both the continuous and categorical analyses compared with cancer-free adults aged 65 years (b, RPE 1.26; P < .05; odds ratio [OR], 3.8; 95% CI, 2.6-14.4) ( Table  2 ). These results indicate that perceived fatigability in older adults (aged >65 years) with a history of cancer increased an average of 1.26 units on the Borg scale over time (years since index visit) compared with the reference group. Furthermore, cancer survivors aged >65 years had 3.8 greater odds of reporting high fatigability (Borg RPE >10) after a 5-minute, slow treadmill walk compared with cancer-free adults aged 65 years.
Similarly, among cancer survivors aged >65 years, endurance walk performance deteriorated significantly over time (P < .05), and deterioration was greater among those who had a history of cancer (b, 42.3 seconds; P < .05; OR, 8.6; 95% CI, 6.1-12.2) ( Table 2 ). These results indicate that older adults (aged >65 years) with a history of cancer slowed by an average of 42.3 seconds more over follow-up than younger adults (aged 65 years) without a history of cancer. In addition, older adults with a history of cancer had 8.6 greater odds of taking more than 5 minutes or being unable to walk 400 meters than younger adults without a history of cancer, indicating worse endurance performance. Tests for interactions between age and cancer were statistically significant for the endurance walk performance (P < .0001), but not for perceived fatigability (P 5 .11).
Survival Analyses
To provide clinical perspective, we examined the association between cancer history and time to high perceived fatigability and poor endurance walk performance. Figure  2 indicates that the trajectories of time to high fatigability differed (log-rank P < .001) by cancer history. Specifically, when stratified by cancer history and age, older adults with a history of cancer showed the shortest time to high perceived fatigability ( Fig. 2A) and poor endurance walk performance (400 meter time >5 minutes) (Fig. 2B) . Cox proportional-hazards models adjusted for age, sex, BMI, race, and number of comorbidities, participants who had a history of cancer had a 34% increased hazard of high perceived fatigability and a 42% increased hazard of poor endurance compared with those who had no history of cancer (Table 3) . Thus, cancer survivors had a significantly greater risk of having a perceived fatigability rating on the Borg scale >10 or taking longer than 5 minutes to complete the 400-meter walk compared with those who had no history of cancer. No statistically significant interactions were observed between age and cancer history in Cox regression models.
Sensitivity Analysis
Findings were similar when we excluded participants who developed cancer after the index visit (n 5 86) for perceived fatigability and 400-meter walk endurance performance. Furthermore, no significant differences were observed across patient characteristics between incident and prevalent cases, and the change in perceived and performance fatigability were similar. Thus, patients with both incident and prevalent cancer were included in the analyses.
Subgroup Analysis
Analyses were repeated in a subgroup of participants who had a history of lung, prostate, breast, or colorectal cancer diagnosis to verify findings among more prevalent types of cancer.
Perceived fatigability
A history of 1 of these types of cancer was associated with 1.55 increased odds (95% CI, 1.13-2.14; P 5 .006) of high perceived fatigability compared with cancer-free individuals after adjusting for demographic factors and comorbidities. A significant interaction between age and cancer diagnosis further indicated that individuals aged >65 who had a history of 1 of these types of cancer had an increased odds of high perceived fatigability compared with individuals aged 65 years who had no history of cancer (P < .05).
Endurance walk performance
Individuals with a history of 1 of these types of cancer were less likely to complete the 400-meter walk test (14% vs 8%; P < .001) than those without a history of cancer. Among individuals who completed the 400-meter walk, those who had a history of 1 of these 4 types of cancer declined, on average, 21 seconds more than those who had no history of cancer (b, 20.7 seconds; 95% CI, 12.9-28.5 seconds; P < .001). An interaction Abbreviations: CI, confidence interval; OR, odds ratio; Ref, reference category; RPE, the Borg rating of perceived exertion. a Analyses were adjusted for sex, race, body mass index, and the number of comorbidities. b P < .001. c Regression coefficients and odds ratios comparing participants who had ever been diagnosed with cancer compared to those without a history of cancer stratified by age. In total, 850 participants were evaluable for the perceived fatigability analysis and 965 were evaluable for the endurance walk performance test.
Original Article between age and cancer diagnosis was significantly associated with worse endurance walk performance among those aged >65 years (OR, 2.8; 95% CI, 1.9-4.3; P < .001) compared with those aged 65 years who had no history of cancer.
DISCUSSION
Fatigue is a serious challenge for patients with cancer and for cancer survivors, and it poses a considerable threat to quality of life with aging. 4, 8 The construct of fatigability is a validated method of gauging the impact of fatigue by anchoring it to a standardized task. 6, 14 To our knowledge, this is the first study to evaluate fatigability prospectively in a large cohort of middle-aged and older adults and to compare these observations among those with and without a history of cancer. We observed that, even in this well functioning population, a history of cancer was associated with higher perceived fatigability and poorer endurance walk performance. Furthermore, the combination of older age and history of cancer appears to accelerate the onset and progression of fatigability. These findings support the hypothesis that a history of cancer is associated with higher fatigability and that this effect worsens with advancing age.
Both aging and cancer have been independently associated with declines in objective measures of physical function, including gait speed and loss of mobility. 14, [19] [20] [21] [22] [23] Our results suggest a possible additive effect of cancer and aging, because the median times to high perceived fatigability and poor endurance walk performance were 2.5 and 2.0 years faster, respectively, for those who had a history of cancer among older adults. Combined with our Abbreviations: CI, confidence interval; HR, hazard ratio. a Participants were analyzed from the time of the index visit to the time of high fatigability (perceived or endurance performance) among participants who had ever been diagnosed with cancer compared to those without a history of cancer. In total, 850 participants were evaluable for the perceived fatigability analysis, and 965 were available for the endurance performance test. b High perceived fatigability was defined as first time that patient rated their perceived fatigability as >10 on the Borg rating of perceived exertion (RPE) scale after a slow 5-minute treadmill walk. c Poor endurance performance was defined as the first time a patient took longer than 5 minutes to complete a fast 400-meter walk. d Analyses were adjusted for sex, race, body mass index, and the number of comorbidities. previous work defining an increased risk of poor functional outcomes among those with higher fatigability 6, 11 independent of reported tiredness and energy level, the current analysis underscores the increased risk of functional decline in older adults with a history of cancer and links this risk to fatigability status and poor endurance. A typical individual aged 65 years is living with 2 or more comorbid conditions. 24 In the current study, an increasing number of comorbidities also was identified as a strong risk factor for high perceived fatigability and poor endurance. This is consistent with findings in the gerontology literature, in which multiple chronic conditions have been associated with energy dysregulation, which subsequently may contribute to worsening fatigue and reduced daily physical activity. 25, 26 The addition of cancer and associated symptoms, active cancer treatment, and recovery from treatment to this burden increases the stress on an aging system, creating a need for more attention to effects that may persist long after the completion of treatment and may significantly impact quality of life.
Although the underlying mechanisms driving this association remain to be defined, there are several plausible explanations that warrant further investigation, including: 1) biologic precursors associated with both aging and cancer, such as sarcopenia, telomere shortening, impaired mitochondrial function, altered metabolism/ energy expenditure, and cellular senescence 2, 15, 16, 23, [27] [28] [29] ; 2) chronic inflammation, [30] [31] [32] [33] including markers such as interleukin-6, C-reactive protein, and tumor necrosis factor, which have been associated with fatigue after physical exertion, poor physical performance, and perceived health [34] [35] [36] ; 3) age-related and cancer-related comorbid conditions, such as chronic obstructive pulmonary disease or chronic kidney disease; and 4) long-term side effects of cancer treatment(s) that are not well understood.
There are limitations associated with this analysis. First, the BLSA is a longitudinal cohort study that was designed to investigate the process of aging and is not specific to cancer. Therefore, additional information regarding cancer stage, treatment details, and pathology was not available. Some cancers may result in higher levels of fatigue than others, 37 but the differential effects of cancer type could not be determined given the relatively small sample size. For instance, we observed a higher proportion of prostate cancer survivors (61%) compared with survivors of other cancer types, which may have influenced the overall findings. Although treatment details were not provided in the BLSA questionnaires, the majority of cancer survivors would have received some form of treatment for their respective cancers. Thus, the ability to detect a difference regardless of disease stage and treatment effects strengthens our confidence in these findings. In the majority of patients, the index visit (time of the first fatigability assessment) occurred after a cancer diagnosis; therefore, the time since diagnosis of cancer varied across participants and could introduce survivor bias in our findings, especially in the survival analysis. Finally, the BLSA study participants are generally healthier than the general population because of enrollment criteria. Therefore, lower rates of cancer were observed than expected, and survivors with a history of more aggressive cancers were less likely to return for their visits or to perform in the 400-meter walk test, resulting in potential underestimation of the true effects. Our findings should be explored and validated in clinical populations with known pathology and treatment history given the known associations between fatigue and certain treatment regimens, such as chemotherapy and/or radiation. It would also be of interest to study the impact of different cancer regimens in patients with advanced cancer and advanced cancer survivors.
In conclusion, our findings suggest that the risk of both perceived fatigability and poor endurance is high among older adults with a history of cancer. More research on fatigability and the interactions with cancer treatments, as well as its impact on quality of life, will help elucidate how best to incorporate this construct into cancer symptom and survivorship research. Currently, there are no screening interventions or tools for fatigability in cancer survivors. Given that the additional burden of cancer on an inevitable aging process is complex, more research is needed to disentangle their combined effects on fatigability. The use of this methodology among those with a history of cancer may help illuminate potential causal and treatment pathways for managing fatigue in this population.
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